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Abstract 26 
Benthic macrofauna is one of the most widely used biological groups to assess the ecological 27 
status of marine systems. Lately, attention has been paid to similar use of benthic 28 
foraminifera. In this study, distribution patterns of benthic foraminiferal and macrofaunal 29 
species were investigated simultaneously in 11 fjords in southeastern Norway in order to 30 
assess correlations and responses to environmental conditions. Selected fjords allowed to 31 
investigate contrasted environmental conditions from low total organic carbon (TOC) 32 
content (sediment TOC < 2.7%) in normoxia (bottom-water [O2] > 2 mL O2.L
-1) up to high 33 
TOC content (> 3.4%) in severe hypoxia (< 0.5 mL O2.L
-1). Environmental parameters 34 
comprised bottom-water dissolved oxygen, grain size, total organic carbon, total nitrogen 35 
(TN), pigments and depth below threshold (DBT). Foraminiferal and macrofaunal community 36 
data were significantly correlated (Procrustes analysis m2 = 0.66, p = 0.001). Hence, benthic 37 
foraminiferal distribution patterns mirror those of benthic macrofauna. However, as 38 
opposed to the foraminifera, macrofauna was not recorded at the most oxygen-depleted 39 
stations and, hence, was more sensitive to severe oxygen depletion. With regard to 40 
assigning species to ecological groups for ecological quality status assessment, the results 41 
suggest that species, e.g. Spiroplectammina biformis (foraminifera), Scalibregma inflatum 42 
(macrofauna), may exhibit different ecological requirements depending on their habitat. 43 
Considering the observed congruent patterns of benthic foraminifera and macrofauna, 44 
palaeo-communities of benthic foraminifera could be used as indicators of reference 45 
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conditions for benthic macrofaunal community structure. This would however need further 46 
developments of algorithms to perform such a translation.  47 
 4 
1. Introduction 48 
 49 
Most benthic macro-invertebrate species are sedentary, making them dependent on 50 
the local environmental conditions. Living at the sediment-water interface, they integrate 51 
aquatic as well as sediment conditions. Their communities show dramatic changes in their 52 
composition in response to organic matter loads (Pearson & Rosenberg 1978, Bouchet & 53 
Sauriau 2008), oxygen depletion (Rosenberg et al. 2002), oil spills (Gray et al. 1990), sewage 54 
(Glémarec & Hily 1981), heavy metals (Olsgard & Gray 1995) and physical disturbance 55 
(Lavesque et al. 2009). Tolerant species thrive at the early stages of the perturbation, 56 
followed by highly tolerant opportunistic species when the perturbation becomes severe 57 
(Glémarec & Hily 1981). Hence, macrofauna are routinely used in environmental bio-58 
monitoring studies (e.g. Warwick 1986, Grall & Glémarec 1997, Borja et al. 2003, Bouchet & 59 
Sauriau 2008). In response to the implementation of marine legislation such as the Water 60 
Framework Directive (WFD), the Clean Water Act, and the Marine Strategy Framework 61 
Directive (MSFD), numerous indices based on macrofauna have been established for 62 
assessing the ecological quality status (EcoQ, see review in Pinto et al. 2009). Most of the 63 
indices developed to assess the EcoQ of marine systems are based on the indicative value of 64 
macrofaunal species. They have been classified into 5 ecological groups of sensitivity to 65 
disturbances from sensitive to first-order opportunistic species (Glémarec & Hily 1981, Borja 66 
2000).  Lately, concerns arose about these indices (see review in Spilmont 2013). One of the 67 
main concerns is the definition of reliable reference conditions for benthic macrofaunal 68 
communities. This is a crucial point since in the European Water Framework Directive 69 
(WFD), reference conditions are mandatory to assess the EcoQ. According to the WFD, the 70 
reference conditions (also called “high” status) are defined as “for any surface water body 71 
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type reference conditions or high ecological status is a state in the present or in the past 72 
where there are no, or only very minor, changes to the values of the hydromorphological, 73 
physico-chemical, and biological quality elements which would be found in the absence of 74 
anthropogenic disturbance” (Common implementation strategy for the Water Framework 75 
Directive (2000/60/EC), Guidance Document No.5, transitional and coastal waters – 76 
typology, reference conditions and classification systems p. 106). Assessment of 77 
environmental quality is based on the extent of deviation from these reference conditions, 78 
following the definitions in the WFD (www.ec.europa.eu/environment/water/marine.htm). 79 
Most of the coastal areas are modified or have been modified by human activities (Diaz and 80 
Rosenberg 2008). Hence, EcoQ assessment within the WFD is facing issues to determine 81 
true reference condition (Nielsen et al. 2003, Elliott and Quintino 2007). As for benthic 82 
macrofauna, since there is almost no data from pre-impact time, reference conditions have 83 
to be determine using today’s communities, which is an issue considering the 84 
aforementioned degradation of coastal areas. 85 
There is an increasing interest in the use of benthic foraminifera to characterize the 86 
health of marine systems (e.g. Alve 1995, Scott et al. 2001, Mojtahid et al. 2006, Bouchet et 87 
al. 2007, Frontalini et al. 2009). Lately, indices to use benthic foraminifera routinely to 88 
assess EcoQs have been proposed (Hallock et al. 2003, Alve et al. 2009, Bouchet et al. 2012, 89 
Barras et al. 2014, Dimiza et al. 2016). Specifically, benthic foraminiferal species were 90 
assigned to ecological groups (EGs) according to their sensitivity/tolerance to increasing 91 
organic matter enrichment (Alve et al. 2016, Jorissen et al. 2018), inspired by work on 92 
benthic macrofauna to develop the AMBI index (Glémarec & Hily 1981, Borja et al. 2000). It 93 
led to the development of the Foram-AMBI to assess the ecological quality status of marine 94 
systems. In these studies, the response of species along a gradient of enrichment in organic 95 
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matter allowed their classification into groups of different sensitivity. Five ecological groups 96 
were defined: sensitive (EG1), indifferent (EG2), tolerant (EG3), second-order opportunistic 97 
(EG4) and first-order (most) opportunistic (EG5). The AMBI and the Foram-AMBI are 98 
computed based on the proportion of the different ecological groups in the species 99 
community, allowing assessment of ecological quality status.  100 
Benthic foraminifera leave an easily accessible and abundant fossil record, which 101 
allows reconstruction of the characteristics and timing of historical environmental variations 102 
(e.g. Alve, 1991; Hayward et al., 2004, Dolven et al. 2013, Francescangeli et al. 2016). 103 
Consequently, it is possible to trace the record of human-induced disturbance over decades 104 
or centuries. Indeed, in a pilot study, Alve et al. (2009) suggested that in situ reference 105 
conditions can be established using fossil benthic foraminiferal assemblages from dated 106 
sediment cores. For example, by comparing the “background” fossil foraminiferal 107 
assemblages to the modern living foraminiferal assemblages at the same site, it would be 108 
possible to determine if a site is naturally anoxic or has become anoxic with recent human 109 
influence. This kind of temporal, in situ monitoring is not possible with soft-bottom 110 
sediment macrofauna because they do not leave abundant or, for most species, any fossil 111 
records. Benthic foraminifera may thus provide a powerful tool for defining habitat-specific, 112 
in situ reference conditions for soft-bottom coastal and transitional waters. Although the 113 
response of macrofauna and foraminifera species to environmental gradients may partly 114 
differ (Mojtahid et al. 2008), the few studies comparing the two groups have indicated that 115 
their responses to environmental changes are basically similar (Schafer et al. 1975, Schafer 116 
et al. 1995, Klitgaard-Kristensen & Buhl-Mortensen 1999, Bouchet 2007, Denoyelle et al. 117 
2010, Dolven et al. 2013, Hess et al. 2013, Wlodarska-Kowalczuk et al. 2013). For instance, 118 
benthic foraminiferal and macrofaunal communities showed similar response to oil-based 119 
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drill mud disposal with tolerant and opportunistic species dominating in the vicinity of the 120 
disposal area (Denoyelle et al. 2010). Furthermore, calcareous foraminifera can be reliable 121 
indicators for variability in density, diversity and species composition of benthic macrofauna 122 
in the Artic at Svalbard (Wlodarska-Koawalczuk et al. 2013). Hence, it is reasonable to 123 
suggest that macrofaunal and foraminiferal species with similar sensitivity to environmental 124 
changes may show co-occurrence. This would be of great interest when it comes to the 125 
definition of reference conditions. It is reasonable to think that fossil benthic foraminifera 126 
could be used as proxies to define reference conditions for benthic macrofauna 127 
communities. Further baseline studies are however necessary to validate such a hypothesis. 128 
It is thus urgent to quantify the level of correlation between the distribution patterns of 129 
these two groups in other environments. 130 
In the present study, living benthic foraminifera and macrofauna were investigated 131 
in fjordic systems along the Norwegian Skagerrak coast to assess to which degree their 132 
responses to major driving environmental factors correspond. This work is part of a 133 
comprehensive project (PES), which includes both foraminifera and macrofauna collected at 134 
the same sites at the same time.  An understanding of the driving forces of the benthic 135 
foraminifera communities, expressed as species diversity, was partly achieved in a previous 136 
analysis of the same data set (Bouchet et al. 2012, 2013). The present paper aims (i) to 137 
determine the driving environmental factors of both the benthic foraminiferal and 138 
macrofaunal community structures, (ii) to identify indicator species of both normal and poor 139 
environmental conditions, (iii) to compare species assignment in EG from this study to the 140 
existing Foram-AMBI and AMBI species lists, and (iv) to assess the correlation between 141 
benthic foraminiferal and macrofaunal communities patterns to identify the potential of 142 
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benthic foraminifera to serve as a proxy for benthic macrofauna in environmental 143 
assessments.  144 
 145 
2. Material and methods 146 
 147 
2.1 Study area and sampling sites 148 
 149 
In August 2008, 27 stations from 11 silled basins along the Norwegian Skagerrak 150 
coast, NE North Sea (Figure 1), were sampled for bottom water, sedimentological, 151 
biogeochemical and faunal analyses. Stations between 23 and 204 m water depth were 152 
selected to provide an oxygen gradient with stable temperature (5-6°C; occasionally 8-9°C at 153 
<40 m depth) and salinity (33-34) conditions (Table 1; see Bouchet et al. 2012 for further 154 
details) using information from previous studies (Buhl-Mortensen et al. 2009 and 155 
unpublished data from the Norwegian Institute for Water Research (NIVA) and Institute of 156 
Marine Research (IMR)). The study basins commonly experience partial to complete deep-157 
water renewals during winter. In addition to measured variables, the depth below threshold 158 
(DBT) i.e. the difference between the water depth at a station and the sill depth of the 159 
fjord, has been characterized for stations. DBT is not a factor sensu stricto, but a measure 160 
that reflects the degree or duration of water stagnation in the deep areas of the fjord. 161 
 162 
2.2 Field sampling 163 
 164 
Four sediment cores (8 cm diameter) were collected at each of the 27 stations with a 165 
Gemini gravity corer, a modified Niemistö corer (Niemistö 1974). Three replicate cores were 166 
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used for benthic foraminifera and one for pigments, total organic carbon and total nitrogen 167 
analyses. Once on deck, bottom water samples from just above the sediment-water 168 
interface in two cores were immediately transferred to Winkler bottles for subsequent 169 
dissolved oxygen analysis. All sediment cores were sectioned on board and, for the present 170 
study, the top 0-1 and 1-2 cm slices were analysed. Sediment samples for pigments, total 171 
organic carbon and total nitrogen analyses were frozen immediately after sectioning, and 172 
kept away from the light. Foraminiferal samples were preserved in rose Bengal-stained 70% 173 
ethanol (1 g l-1) to avoid protoplasm degradation and to distinguish living (stained) from 174 
dead specimens (Murray & Bowser 2000). At each station, macrofauna was sampled using a 175 
0.1 m2 van Veen grab (4 replicates) and a sub-sample of the top 0-1 cm from one grab per 176 
station was collected for grain size analyses. The grab sediments were sieved on board 177 
through 1 mm screens and fixed in 4% buffered formaldehyde in seawater to preserve 178 
macrofauna specimens.  179 
 180 
2.3 Biogeochemical analyses 181 
 182 
Bottom-water dissolved oxygen concentrations at the time of sampling were 183 
analysed using Winkler titration. Classification of stations as normoxic (bottom-water [O2] > 184 
2 mL O2.L
-1), hypoxic (0.5 - 2 mL O2.L
-1) or severe hypoxic (< 0.5 mL O2.L
-1) follows Diaz and 185 
Rosenberg (1995). Sediments were freeze-dried prior to sedimentological and geochemical 186 
analyses. For grain size analyses, the dried sediment was weighed, soaked in tap water, and 187 
washed on a 63 µm Endecote-sieve. The >63 µm fraction was dried and weighed and the 188 
<63 µm-fraction was calculated based on the dry mass. Total organic carbon (TOC) and total 189 
nitrogen (TN) were analysed following acid treatment (10% HCl) to remove inorganic C using 190 
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a CHN analyser (Carlo Erba Elemental Analyzer 1106). Classification of stations as low 191 
(<2.7%), medium (2.7-3.4%) and high (>3.4%) TOC content follows that of Molvaer et al. 192 
(1997). For pigment analyses, homogenised freeze dried sediment (0.3-0.6 g) was extracted 193 
in 5 ml 90% acetone in water. The mixture was sonicated for 30s before overnight 194 
extraction. The extract was centrifuged (15 min. at 3500 rpm), and 100 µL of the 195 
supernatant was injected on the HPLC for pigment analysis. The analytical system was based 196 
on a method described earlier (Wright et al. 1991, Jeffrey et al. 1997). Pigments were 197 
identified by comparison of retention time and absorption spectra of authentic standards 198 
(DHI Water and Environment, Denmark) and the literature (Jeffrey et al. 1997). Individual 199 
pigments were quantified at 436 nm for chlorophylls and pheopigments, and 450 nm for 200 
carotenoids. Response factors (RF) for each pigment were obtained by single standard runs. 201 
When no standard was available, RF for similar pigments was used with a correction for 202 
differences in mass. Pigment concentrations were standardised by the total organic carbon 203 
content (Reuss et al. 2010).  204 
 205 
2.4 Faunal analyses 206 
 207 
Foraminiferal samples were washed through 500 and 63 µm mesh sieves, and the 208 
63-500 µm fraction was split into 8 using a modified Elmgren wet splitter (Elmgren 1973). 209 
One eighth of each sample was re-sieved and all live (stained) foraminifera in the 63-125 210 
and 125-500 µm fractions were identified to species level and counted in the wet state. The 211 
number of individuals >500 µm relative to smaller ones was trivial (<0.1%) so including them 212 
would not influence the results. Wet-sample analysis allows preservation of all species, 213 
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including fragile organic-walled and loosely cemented agglutinated foraminifera. This study 214 
is based on the 63-500 µm fraction i.e. the sum of 63-125 and 125-500 µm fractions. 215 
In the laboratory, macrofaunal samples were rinsed on 1 mm-mesh sieves and 216 
transferred to 70% ethanol. All macrofaunal specimens were counted and identified to 217 
species level, or the lowest identifiable taxonomic unit.  218 
Assignments of foraminiferal and macrofaunal species into ecological groups (EG) 219 
were made according to Alve et al. (2016) and Borja et al. (2000), respectively. The concept 220 
is based on the classification of species (or groups of species) into five EGs (sensitive, 221 
indifferent, tolerant, 2nd order opportunist and 1st order opportunist) representing specific 222 
sensitivity levels to an increasing gradient of organic matter (Borja et al. 2000). The groups 223 
allow the assessment of the ecological quality status of marine systems. 224 
 225 
2.5 Numerical analyses 226 
 227 
Principal components analysis (PCA) was applied on the set of environmental 228 
variables to characterize the main natural gradients and describe relationships between 229 
sediments, oxygen and fjord topography. For the species community data, initial detrended 230 
correspondence analyses indicated that the gradient is short (1.6 SD) in the foraminiferal 231 
data and long (3.3 SD) in the macrofaunal data. Consequently, redundancy analysis (RDA) 232 
and canonical correspondence analysis (CCA), respectively, were applied to find which 233 
environmental variables were most clearly related to the species communities. Analyses 234 
were done on the subset of 15 stations with all chemistry data and at least 30 individuals 235 
in the pooled macrofaunal sample (all pooled foraminiferal samples had many more than 30 236 
individuals). Community data were log(x + 1) transformed prior to analysis; taxa occurring at 237 
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only one station were removed. Environmental variables were selected using forward 238 
selection with 999 permutations. Procrustes analysis (Peres-Neto & Jackson 2001) was used 239 
to compare unconstrained ordinations of the foraminiferal (PCA) and 240 
macrofaunal (correspondence analysis) community data. The m2 statistics, which is 241 
analogous with the r2 of a correlation, is reported. Co-correspondence analysis (Co-CA, Ter 242 
Braak & Schaffers 2004) was used to relate the foraminiferal and the macrofaunal 243 
communities in a direct way.  244 
All calculations were performed using the statistical language R version 3.4.1 (R Core 245 
Team, 2017). Ordinations were run with the vegan version 2.4-3 (Oksanen et al. 2010). R 246 
code is archived at https://github.com/richardjtelford/PES. 247 
 248 
3. Results 249 
 250 
3.1 Environmental conditions at sampling stations 251 
 252 
Depth-below threshold (DBT), bottom-water dissolved oxygen concentration, 253 
sediment grain size and sediment organics were rather different among the stations (Table 254 
1). Sandnesfjord, Eidangerfjord, Risørbassenget (R60), Topdalsfjord, Groosefjord, Frierfjord 255 
(except F70) and Indre Hvaler have rather shallow DBT below 50 m, whereas the other 256 
fjords have DBT up to 169 m. In Kristiansandsfjord there is no sill. High (normoxic) bottom-257 
water oxygen concentrations (>2 mL O2.L
-1) characterized stations in the Indre Hvaler basin, 258 
Kragerøfjord, Topdalsfjord, the shallower stations in Groosefjord, Frierfjord (F30 and F50), 259 
Ærøydypet, Sandnesfjord, Eidangerfjord and Kristiansandsfjord as opposed to stations in 260 
Risørbassenget (except R60), the deeper stations in Frierfjord (F70 and F90) and Håøyfjord 261 
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where hypoxic (0.5-2 mL O2.L
-1) to severe hypoxic (<0.5 mL O2.L
-1) conditions are recorded. 262 
Sediments at stations in Risørbassenget (except R160 and R180) and Kristiansandsfjord, as 263 
well as station G50 were sandier than the others, with less than 90% of the sediment mass < 264 
63 µm (Table 1). Total organic carbon concentrations were higher than 3.4% in Ærøydypet, 265 
Kragerøfjord, Sandnesfjord, Eidangerfjord, Risøbassenget, Topdalsfjord, Frierfjord (F90) and 266 
Groosefjord (Table 1).  267 
In the PCA of environmental variables, the first two axes explained 75.2% of the 268 
variance (Fig. 2). Two main gradients appear; one related to sediment components (particle 269 
fine fraction, TOC) and one to oxygen and fjord basin topography (O2, DBT). The sediment 270 
gradient separates stations with very high fine fraction and moderate organic content 271 
(lower left: Indre Hvaler IH, Frierfjord F) from stations with lower fine fraction and high 272 
organic contents (upper right: Groosefjord G, Risørbassenget R). The oxygen – fjord 273 
topography gradient separates stations in deep fjord basins with shallow sill and low oxygen 274 
content (lower right: Risør basin R, Håøyfjord 102, deep Frierfjord F) from stations with 275 
either shallow water depths or in fjords with deep sills (upper left). The pigments correlate 276 
with DBT and characterized the deep basins, particularly the Risør basin. Most pigments 277 
were intercorrelated, except allo-xanthin that appeared to be related also to the sediment 278 
fine fraction.   279 
 280 
3.2 Environmental variables and fauna 281 
 282 
In total, 116 foraminiferal taxa and 290 macrofaunal taxa were identified. Benthic 283 
foraminifera occurred in all samples, whereas macrofauna were absent from station F90 284 
(replicate 1 and 2), station R120 (replicate 4), station R160 (all replicates) and station R180 285 
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(all but replicate 1). Based on RDA and CCA, respectively, benthic foraminifera and 286 
macrofauna species were significantly related to the same subset of environmental 287 
parameters, viz. TOC and DBT (Figs 3 and 4). Together, the selected parameters explained 288 
43% and 29% of the variation for foraminiferal and macrofaunal species assemblages, 289 
respectively.  290 
The distribution of foraminiferal taxa in relation to TOC and oxygen, the latter being 291 
related to DBT (Fig. 2), is illustrated in Fig. 5.  The species Micrometula hyalostriata, 292 
Phainogullmia aurata and Spiroplectammina biformis mainly occur at low TOC (<2.7%) and 293 
high bottom-water oxygen concentrations. Highest abundances of Cassidulina laevigata and 294 
Bulimina marginata were observed at stations with low to high TOC (0.8-9%) and high 295 
bottom-water oxygen concentrations. Cylindrogullmia alba and Leptohalysis scottii occur at 296 
similar TOC levels but at stations with high to low bottom-water oxygen concentrations. 297 
Liebusella goësi, Textularia earlandi and Recurvoides trochamminiforme show highest 298 
abundances under TOC concentrations between 3.0 and 4.3% and well-oxygenated 299 
conditions. Stainforthia fusiformis, Discorbinella bertheloti, Fissurina sp. and Bolivinellina 300 
pseudopunctata thrive under high TOC concentrations (>3.4%) and hypoxic to severe 301 
hypoxic conditions.  302 
Compared to the assignments of foraminifera in Alve et al. (2016) four new species 303 
(Micrometula hyalostriata, Phainogullmia aurata, Cylindrogullmia alba, Leptohalysis scottii) 304 
were assigned and three (Cassidulina laevigata, Liebusella goësi, Bolivinellina 305 
pseudopunctata) were re-assigned based on their abundance relative to sediment TOC in 306 
this new data set (Table 2).  307 
The distribution of dominant macrofaunal species on TOC and oxygen is illustrated in 308 
Fig. 6. Pseupopolydora sp., Chaetozone setosa, Capitella capitata, Thyasira cf. sarsii occurred 309 
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at hypoxic stations with high TOC. Mediomastus fragilis was overabundant in 310 
Kristiansandfjord that is contaminated from trace elements. Thyasira equalis and 311 
Spiophanes kroeyeri occurred at well-oxygenated stations with medium TOC content. 312 
Amphiura chiajei, A. filiformis and Scalibregma inflatum occurred at normoxic stations (Fig. 313 
6B) with low organic matter concentrations (Fig. 6A).  314 
Compared to the assignments of the AMBI list (Borja et al. 2000, last update: June 315 
2017), two species (Scalibregma inflatum and Thyasira cf. sarsi) were re-assigned based on 316 
their abundance relative to sediment TOC in this new data set (Table 2).  317 
 318 
 319 
3.3 Foraminiferal and macrofaunal community relationships 320 
 321 
Foraminiferal and macrofaunal community data were significantly correlated 322 
(Procrustes analysis m2 = 0.66, p = 0.001). Using a co-correspondence analysis on 323 
foraminiferal and macrofaunal community, 24% of the variance in the macrofaunal 324 
community was explained by the foraminiferal community (Fig. 7). 325 
 326 
4. Discussion 327 
 328 
In the present study, patterns of distribution of foraminiferal and macrofaunal 329 
species are best explained by the variables of TOC and DBT. Along the same lines, deep-330 
water renewal and oxygenation in a fjord depend on DBT as well as on the supply of organic 331 
matter (i.e., impacts oxygen consumption). DBT will, however, also represent the influence 332 
of other variables, e.g. pigments, different organic components and temperature, that 333 
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increase or decrease due to the gradually changing conditions with depth. In the following 334 
discussion, however, it will be made reference to oxygen rather than of DBT sensu stricto 335 
that may incorporate several unknown factors. This is further supported by Bouchet et al. 336 
(2012) who showed on the same dataset that benthic foraminiferal diversity is correlated to 337 
bottom-water dissolved water oxygen. These two variables (oxygen and TOC) are indeed 338 
known to be drivers of both diversity and species composition of benthic foraminifera and 339 
macrofaunal communities (Alve 1990, Riera et al. 1999, Gustafsson & Nordberg 2000, 340 
Rosenberg et al. 2002, Bouchet et al. 2012). In the studied Norwegian fjords, benthic 341 
foraminiferal and macrofaunal species responded in the same way to different 342 
environmental conditions (Procrustes analysis), except that macrofauna was less tolerant to 343 
the oxygen depleted conditions. This is because, unlike macrofauna, some foraminiferal 344 
species can perform anaerobic metabolism (e.g., Risgaard-Petersen et al. 2006). Our findings 345 
confirmed the results from the few studies assessing and comparing the response of benthic 346 
foraminifera and macrofauna to different environmental conditions, mentioned in the 347 
introduction.  348 
 349 
4.1 Foraminiferal indicator species  350 
 351 
In this study, Micrometula hyalostriata, Phainogullmia aurata and Spiroplectammina 352 
biformis are sensitive (EG1) to organic enrichment, occurring primarily in normoxic 353 
conditions. Phainogullmia aurata has been described as a pioneer species showing 354 
maximum abundance in the colonization phase on uncontaminated clay and almost 355 
disappearing with time as the amount of sediment organic material increased (Hess et al. 356 
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2014). The ecology of the soft-walled species M. hyalostriata is poorly known. In this study, 357 
it was common only at normoxic, low-TOC sites (Fig. 5). Spiroplectammina biformis was the 358 
second-most common species in the most hypoxic parts of the organic matter enriched 359 
Drammensfjord, southern Norway (Alve 1995) but it was not able to survive persistent 360 
severe hypoxia below 0.5 mL O2.L
-1 (Alve 1991, 1995).  It was also reported to tolerate 361 
organic enrichment in several eastern Canadian estuaries and embayments and in the 362 
North-east Atlantic (Alve et al. 2016, Schafer et al. 1991). In the present study, its highest 363 
abundance was at a low-TOC site. It was also sensitive to TOC in the Saguenay fjord and in a 364 
study in Canadian fish aquaculture sites (Schafer et al. 1991, 1995). 365 
Cassidulina laevigata and Cylindrogullmia alba show the same distribution pattern 366 
along the TOC gradient as for species from the indifferent EG2. Cassidulina laevigata is a 367 
typical species of the Skagerrak-Kattegat fauna (sensu Nordberg et al. 2000), which used to 368 
flourish in several Scandinavian fjords until it was replaced by species associated with 369 
frequent coastal hypoxia (e.g., Alve 1991, Polovodova Asteman & Nordberg 2013, 370 
Polovodova Asteman et al. 2015). In the present study, C. laevigata is never abundant, it 371 
only occurs at stations with normoxic conditions and mainly, but not solely, where TOC is 372 
low to moderate (Fig. 5).  Hence, C. laevigata may belong in the indifferent group EG2, 373 
although it has been classified as a sensitive species (Alve et al.2016). The present results 374 
show that C. alba can survive under a wide range of TOC concentrations.  375 
Bulimina marginata, Recurvoides trochamminiforme, Liebusella goësi and Textularia 376 
earlandi are all tolerant species (EG3) to organic enrichment in the studied fjords, occurring 377 
in normoxic conditions. Bulimina marginata is tolerant to oxygen-depleted conditions (Alve 378 
1991, Barmawidjaja et al. 1992). However, it is not able to survive persistent severe hypoxia 379 
below 0.5 mL O2.L
-1 (Filipsson & Nordberg 2004). In this study, it occurred over a broad 380 
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range of TOC concentrations, but only under normoxic conditions. As for R. 381 
trochamminiforme, Alve et al. (2016) mentioned it as a tolerant species. Liebusella goësi is 382 
known not to survive severe hypoxia (Nordberg et al. 2000, Filipsson & Nordberg 2004). 383 
Tolerance to TOC enrichment under appropriate oxygen concentrations has already been 384 
observed for T. earlandi (Schafer et al 1995). It is however sensitive to oxygen depletion 385 
(Gustafsson & Nordberg 2000, Polovodova Asteman et al. 2015). Its abundance decreased at 386 
dissolved-oxygen concentrations below 1.0 ml O2.L
-1 (Gustafsson & Nordberg 2000).  387 
Bolivinellina pseudopunctata, Stainforthia fusiformis, Leptohalysis scottii and 388 
Fissurina sp. are assigned in the opportunistics EG4/5, thriving well in sediment with high 389 
TOC content based on this study results, occurring at hypoxic to severe hypoxic stations. The 390 
two first species are known to be able to survive at high TOC and hypoxic to severe hypoxic 391 
conditions (Alve 1994, Gustafsson & Nordberg 2000, Alve 2003). These species 392 
outcompeted the typical Skagerrak-Kattegat species throughout the degradation of the 393 
environmental conditions in the area during the 1900s (Gustafsson & Nordberg 2001, Alve 394 
et al. 2009, Dolven et al. 2013). Bolivinellina pseudopunctata is an opportunistic species able 395 
to tolerate low oxygen conditions (Gustafsson & Nordberg 2001), although it has been 396 
reported to disappear after periodic severe hypoxia or anoxia (Gustafsson & Nordberg 397 
2000). The observation of this species in the most organic rich stations supports that it is an 398 
opportunistic species, which is not in agreement with the classification of Alve et al. (2016) 399 
in the indifferent EG2. Our results suggest that L. scottii is able to survive under hypoxic 400 
conditions as opposed to what has been reported in Havstensfjord in Sweden (Gustafsson & 401 
Nordberg 2000). Furthermore, it occurs in this study in fjords with a wide range of TOC 402 
concentrations from 2 to 9%. It is a species known to tolerate environmental disturbances 403 
such as paper mill and fish farming effluents (Alve & Nagy 1986, Scott et al. 2001, 404 
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Polovodova Asteman et al. 2015) and it is common in eutrophic environments (Scott et al., 405 
2005; Sabbatini et al., 2012). Stainforthia fusiformis is a characteristic species of heavily 406 
disturbed environments (see review in Alve 2003). Except that species of Fissurina seem to 407 
be ectoparasites on Discorbis vilardeboanus (d'Orbigny) and Rosalina bradyi (Cushman) (see 408 
Collen & Newell, 1999, and references therein), little is known about the ecology of 409 
Fissurina spp. In the present material, Fissurina sp always co-occurs with Discorbinella 410 
bertheloti, perhaps as a parasite? 411 
Discorbinella bertheloti (also found under the name Cibicides bertheloti) was found 412 
alive (stained) at hypoxic and severe hypoxic stations. With their epifaunal mode of life 413 
(Murray 2006), Cibicides spp. have been considered as sensitive species not directly linked 414 
to sedimentary TOC (Alve et al. 2016). They rather reflect the impact of bottom-near 415 
currents (Linke & Lutze 1993). Hence, occurrence of D. bertheloti at the most oxygen-416 
depleted stations with high TOC content was probably due to recent transport of living 417 
specimens. It is thus difficult to conclude on the indicative value of this species. 418 
 419 
4.2 Macrofaunal indicator species  420 
 421 
In this study, Amphiura chiajei, A. filiformis, Scalibregma inflatum are sensitive 422 
species (EG1) to TOC, occurring at normoxic stations. They are known to not tolerate 423 
oxygen-depleted conditions (Aschan & Skullerud 1990, Nilsson & Rosenberg 1994, 2000, 424 
Rosenberg et al. 2001). The three species have been reported to solely occur at unpolluted 425 
sites in the Oslofjord (Mirza & Gray 1981). A high abundance and biomass of A. filiformis and 426 
A. chiajei has been observed at well oxygenated sites in the Skagerrak (Josefson 1990). 427 
According to AMBI’s ecological groups (EG) of sensitivity to disturbances (Borja et al. 2000), 428 
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A. chiajei and A. filiformis are indifferent species (EG2) and S. inflatum is a tolerant species 429 
(EG3). Amphiura filiformis has been reported to be sensitive to severe disturbances around 430 
oil platforms (Olsgard & Gray 1995). Note that the tolerance level of S. inflatum is rather 431 
uncertain since it has been reported to be either sensitive (Mirza & Gray 1981, Rygg 1985b, 432 
Nilsson & Rosenberg 1994, 2000, Rosenberg et al. 2001, Pabis & Sobczyk 2015) or tolerant 433 
(Rygg 1985a, Aschan & Skullerud 1990, Borja et al. 2000, Levin et al. 2009) to disturbances.  434 
Thyasira equalis and Spiophanes kroeyeri dominate at well-oxygenated stations 435 
moderately rich in organic matter. They are not present at the hypoxic/severe hypoxic 436 
stations, suggesting that neither of the species would tolerate low oxygen concentrations. 437 
This contradicts other works on these species (see review in Levin et al. 2009). For instance, 438 
T. equalis has been reported to survive low-oxygen concentrations (Josefson & Widbom 439 
1988, Nilsson & Rosenberg 2000). It usually occurs in moderately disturbed areas (Pearson 440 
1975, Mirza & Gray 1981, Rygg 1985a), although it has been reported not to tolerate copper 441 
pollution (Rygg 1985b). The results of the present study are in accordance with the 442 
classification of T. equalis in the tolerant EG 3 (Borja et al. 2000). Conversely, S. kroeyeri has 443 
been mostly reported to disappear in the early stage along a gradient of increasing 444 
disturbances i.e. oil platform activities, sewage outfall, copper, organic enrichment, oxygen 445 
depletion (Mirza & Gray 1981, Rygg 1985b, Aschan & Skullerud 1990, Nilsson & Rosenberg 446 
2000, Mojtahid et al. 2008, Oug et al. 2012). Few studies nevertheless reported the 447 
presence of this species in low disturbed sites (Pearson 1975, Gray & Pearson 1982, Rygg 448 
1985a, Moore & Rodger 1991). The classification of S. kroeyeri in the tolerant EG3 (Borja et 449 
al. 2000) is at least questionable.  450 
Pseupopolydora sp., Chaetozone setosa, Capitella capitata and Thyasira cf. sarsii 451 
occur at stations with hypoxic conditions and high TOC contents. Mediomastus fragilis 452 
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dominates in the heavily polluted with trace metals Kristiansandfjord. It belongs together 453 
with T. cf. sarsii to the tolerant EG3, C. setosa and P. sp. belong to the second-order 454 
opportunistic EG4 and C. capitata to the first-order opportunistic EG5 (AMBI-list, Borja et al. 455 
2000). They are all characterizing low-oxygenated environments (Levin et al. 2009). 456 
Mediomastus fragilis can tolerate pollution such as oil spills, disturbances associated to oil 457 
platforms, metals and high level of organic enrichment (Pearson & Rosenberg 1978, Mirza & 458 
Gray 1981, Dauvin 2000, Mojtahid et al. 2008, Oug et al. 2012). Thyasira cf. sarsii is sensitive 459 
to low oxygen concentrations (Josefson & Widbom 1988, Nilsson & Rosenberg 2000) but it 460 
can colonize sediments polluted by copper, organic matter, and dredging materials from oil 461 
platform activities (Pearson 1975, Rygg 1985b, a, Olsgard & Gray 1995). Capitella capitata 462 
and P. spp. are known colonizers of completely anoxic sediments in fjord systems 463 
(Rosenberg et al. 2001). They are often the last species to survive these depleted conditions 464 
(Pearson & Rosenberg 1978, Mirza & Gray 1981, Oug et al. 2012). Chaetozone setosa and C. 465 
capitata are typical indicators of severe effects around oil platforms of the Norwegian 466 
continental shelf (Olsgard & Gray 1995). Chaetozone setosa usually thrives in depleted 467 
conditions (Rygg 1985a, Olsgard & Hasle 1993, Pabis & Sobczyk 2015). It is a common 468 
species in organic enriched areas (Gray et al. 1990).  469 
 470 
4.3 Concerns about the indicative value of classified species 471 
 472 
The use of the presence of certain species to assess the state of marine systems has 473 
a long history. The concept is based on an a priori apprehension that some species have 474 
narrow ecological requirements. Hence, species are meant to be indicative of the prevailing 475 
conditions where they are found. Based on numerous works (e.g., Pearson & Rosenberg 476 
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1978, Glémarec & Hily 1981, Hily 1983), lists of benthic macrofaunal species, assigned into 477 
groups of sensitivity to disturbances, have been established; the most widely used being the 478 
species associated to the AMBI index (Borja et al. 2000). Lately, following the suggestions of 479 
the FOBIMO working group, the same approach was used to assign benthic foraminiferal 480 
species to EGs of sensitivity/tolerance to conditions along an increasing stress (organic 481 
matter enrichment) gradient (Alve et al. 2016, Jorissen et al. 2018). So far, assignment of 482 
foraminiferal species has only been done for the North-East Atlantic and Arctic fjords, 483 
continental shelves, and slopes and for the Mediterranean (Alve et al. 2016, Jorissen et al. 484 
2018). The use of a single species list classification means that the indicative value of a 485 
species is a static concept i.e. a species is expected to have a similar sensitivity or tolerance 486 
wherever it occurs and regardless of the adaptation ability of this species. However, it is 487 
known that some species are plastic enough to adapt to their environment and could 488 
change their autecology requirements along environmental gradients (see review in Zettler 489 
et al. 2013 and references therein). Hence, a species tolerance spectrum might be wider 490 
than a single category, i.e. “sensitive species” or “tolerant species”. Species even exhibit 491 
different responses to disturbance depending on their habitat and the source of 492 
disturbances; they behave as sensitive species while they can be tolerant or opportunistic 493 
somewhere else or against a different pollution source (Zettler et al. 2013). The 494 
biogeographical/ecosystem-type restricted approach chosen to assign foraminiferal species 495 
tend to support the ability of species to adapt their sensitivity/tolerance level to their 496 
environment.  497 
In this study, we reported discrepancies in the assignment in EG with the study of 498 
Alve et al. (2016) for S. biformis, C. laevigata, L. goësi and B. pseudopunctata. For C. 499 
laevigata, our study results suggest a classification in the indifferent EG2 instead of the 500 
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sensitive EG1 (Alve et al. 2016). These two EGs are rather close conceptually since they 501 
include species that cannot tolerate any excess in organic matter. Some biotic indices, i.e. 502 
Bentix (Simboura & Zenetos 2002), group these two EGs in one EG. This might be something 503 
to consider in a further implementation of the Foram-AMBI list. Spiroplectammina biformis 504 
was assigned to the tolerant EG in the Foram-AMBI list of species from the North-East 505 
Atlantic (Alve et al. 2016). In several eastern Canadian estuaries and embayments, S. 506 
biformis has been reported in moderately polluted local environments (Schafer et al. 1991). 507 
This study results however suggest that it is a sensitive species to TOC enrichment. In the 508 
Saguenay fjord, S. biformis abundances have also been reported to decrease with increasing 509 
organic matter load from a pulp mill effluent (Schafer et al. 1991). In a study in four 510 
Canadian aquaculture sites, it showed a significant negative correlation to TOC enrichment 511 
due to the presence of fish cages (Schafer et al. 1995). These evidences suggest that it is 512 
thus not sure whether this species belongs to the sensitive EG1 or the tolerant EG3. 513 
Discrepancies in the response of species to TOC enrichment have been found between this 514 
study results and previous work for both benthic foraminifera and macrofauna. As for 515 
benthic macrofauna, there are eight studies, including this one, reporting a sensitive 516 
behavior of the polychaete S. inflatum towards disturbances and at least four reporting a 517 
tolerant one (see aforementioned references). In the AMBI species list, this species is 518 
assigned to the tolerant EG. The assignment of S. inflatum within the AMBI list is rather 519 
uncertain. The same concerns arose about T. cf. sarsii which behave like an opportunistic 520 
species in this study and is assigned to tolerant EG in the AMBI-list. Occurrencies of T. 521 
equalis, S. kroeyeri and S. inflatum in several Norwegian fjords and coastal areas (Rygg & 522 
Norling 2013) showed tolerance levels corresponding to EG3 (tolerant), thus supporting the 523 
classification in the AMBI system. These discrepancies may be due to the fact that indices' 524 
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scores come from large dataset collections covering large geographical regions and 525 
subregions and not local scales (Borja et al. 2000, Rosenberg et al. 2004). Hence, they 526 
integrate the "experience" from a species behavior over a large span of data or literature 527 
data. Local adapation of species ecological requirement may lead to wrong interpetation of 528 
the species indicative value (Dauvin et al. 2010, Zettler et al. 2013). 529 
Zettler et al. (2013) reported that the response of macrofaunal species towards 530 
organic enrichment would change along a gradient of salinity. They concluded that the 531 
interaction between environmental variables should not be neglected when using static 532 
indicative value of a species. This study results tend to confirm the latest concerns about the 533 
concept of species lists of tolerance/sensitivity. Furthermore, this study shows that these 534 
concerns may apply to benthic foraminifera. At a large biogeographical scale, the indicative 535 
value may be reliable, but it is rather uncertain at a local geographical scale. This study 536 
results definitively support cautions (Dauvin et al. 2010, Zettler et al. 2013) when it comes to 537 
the use of indicator species lists. It seems obvious that more studies are needed to constrain 538 
these biases. Supplementary approaches should be considered, for instance rank-frequency 539 
diagrams (Frontier 1976, Bouchet et al. 2007, Seuront 2013) and diversity indices (Bouchet 540 
et al. 2012, Dolven et al. 2013, Francescangeli et al. 2016, Bouchet et al. 2018).  541 
 542 
4.4 Benthic foraminifera as indicator of macrofaunal community structure 543 
 544 
The assessment and quantification of cross-taxon congruence i.e. similar response 545 
along an environmental gradient of species belonging to different taxa, in space and time, 546 
represents a critical step in the identification of suitable indicator taxa for biodiversity. In 547 
this study, Procrustes rotation and co-correspondence analysis (Co-CA) were used to 548 
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quantify the strength of the congruence between foraminiferal and macrofaunal 549 
communities along the studied environmental parameters gradient. Procrustes rotation and 550 
Co-CA are powerful and robust methods to evaluate the degree of congruence between two 551 
community datasets (Peres-Neto & Jackson 2001, Gioria et al. 2011). Patterns of 552 
foraminiferal species distribution closely resembled those of the macrofauna, as is showed 553 
by significant correlation between the groups. The strength of the congruence in species 554 
composition between benthic foraminifera and macrofauna along the environmental 555 
gradient reflects the similarity in their response to TOC enrichment. Interactions can explain 556 
congruence in species between these two groups. First, there may be a trophic link between 557 
the two groups; benthic macrofauna species being able to feed on benthic foraminifera 558 
(Lipps 1983). Secondly, benthic macrofauna bioturbating activities enhance the vertical 559 
distribution of foraminifera in deeper sedimentary layers (Bouchet et al. 2009). Last but not 560 
least, there is an evident similarity in the patterns of distribution of species of both groups in 561 
response to environmental gradients.  562 
In this study, benthic foraminiferal and macrofaunal species composition appear to 563 
respond to the same environmental factors, in particular bottom-water dissolved oxygen 564 
and organic matter content. Changes in the composition of foraminiferal and macrofaunal 565 
assemblages are expressed in increased dominance of tolerant/opportunistic species and 566 
the progressive disappearance of sensitive species under degraded conditions i.e. increasing 567 
TOC content and decreasing bottom-water oxygen concentrations. It supports other studies, 568 
although there are few, showing similar response of the two groups to adverse 569 
environmental conditions. Patterns of foraminiferal species distribution closely resembled 570 
those of macrofauna in response to disturbances of a glacier (Wlodarska-Kowalczuk et al. 571 
2013). Similar succession from sensitive to tolerant species has been reported for both 572 
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groups in response to different pollution sources such as sewage outfalls, industry, oil-based 573 
drill mud disposal and aquaculture (Schafer et al. 1975, Schafer et al. 1995, Mojtahid et al. 574 
2008, Denoyelle et al. 2010). However, some studies suggested that benthic foraminifera 575 
could be more indicative than benthic macrofauna along a gradient of disturbances 576 
(Mojtahid et al. 2008, Denoyelle et al. 2010). In this study, benthic foraminifera exhibited 577 
more tolerance to the most depleted conditions (high TOC and anoxic conditions), by 578 
maintaining higher densities than did the macrofauna. This confirms previous results 579 
showing that benthic macrofauna is more sensitive than benthic foraminifera to depleted 580 
oxygen conditions (Josefson & Widbom 1988) and, as previously mentioned, is directly 581 
linked to the fact that some foraminiferal species perform anaerobic metabolism (e.g., 582 
Risgaard-Petersen et al. 2006). It implies that benthic foraminifera are able to occur along 583 
the whole environmental gradient, which is an asset compared to benthic macrofauna in 584 
monitoring studies when approaching the “bad” end of the environmental gradient. The 585 
strength of the congruence between benthic foraminifera and macrofauna suggests that 586 
foraminifera could be reliable indicators of benthic macrofauna community structure. This 587 
has interesting implications, in particular with regard to defining reference conditions for 588 
areas where the environmental conditions may have changed over time, as suggested by 589 
Alve et al. (2009). Defining reference conditions are mandatory according to the WFD and 590 
complying to MSFD when it comes to assessing the health of marine systems. Hindcasting is 591 
one method that can be used to determine previous conditions. This is hardly possible with 592 
benthic macrofauna since historical data are scarce. Mostly the molluscs can fossilise and 593 
allow a reconstruction of palaeo-environments (Poirier et al. 2009), meaning that most of 594 
the biological signal is lost in the fossil sediment. Conversely, most of the foraminiferal 595 
community can fossilise and be preserved in the fossil sediment. It allows reconstruction of 596 
 27 
palaeo-environments (e.g., Alve 1991, Alve et al. 2009, Dolven et al. 2013, Polovodova 597 
Asteman et al. 2015, Francescangeli et al. 2016). Using fossil benthic foraminifera, it is 598 
possible to determine objective and reliable reference conditions. Hence, fossil benthic 599 
foraminifera could be used as proxies to assess the deviation from reference conditions for 600 
benthic macrofauna communities. However, this requires an algorithm for translating 601 
foraminiferal community data into macrofaunal community data (specified macrofaunal 602 
species and their abundances). More conceivably, the ecological quality status has to be 603 
estimated directly from the foraminiferal data. This requires an environmental classification 604 
system using foraminiferal indices. The development of Foram-AMBI (Alve et al. 2016, 605 
Jorissen et al. 2018) is one step towards such a system. 606 
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Acknowledgment 608 
 609 
We are grateful to the crew of the R/V Trygve Braarud; S Holm, J. Sundøy and T.E. 610 
Baade. Nina Reuss is warmly thanked for the analysis of pigment samples. Thanks are also 611 
due to M. Hollerbach, and J. Håvardstun for assistance during fieldwork, and Y. Descatoire 612 
for graphics. This study was supported by the Norwegian Research Council-funded project 613 
PES (no. 184870) “Paleoecological reconstructions of marine soft-bottom Ecologic Status 614 
and in situ reference conditions: calibrating benthic foraminifera with macrofauna and 615 
hydrographic data”. V.M.P.B. was supported through the PES project by a post-doctoral 616 
fellowship. Thanks to Fede who waited few more days with the birth of Clelia for the first 617 
version of this manuscript to be written.  618 
 28 
References 619 
Alve E (1990) Variations in estuarine foraminiferal biofacies with diminishing oxygen 620 
conditions in Drammensfjord, SE Norway. In: Hemleben C, Scott DB, Kaminski M, 621 
Kuhnt W (eds) Paleoecology, biostatigraphy, paleoceanography and taxonomy of 622 
agglutinated foraminifera. Kluwer Academic Publishers, The Netherlands:661-694 623 
Alve E (1991) Foraminifera, climatic change and pollution: A study of Late Holocene 624 
sediments in Drammensfjord, SE Norway. The Holocene 1:243-261 625 
Alve E (1994) Opportunistic features of the foraminifer Stainforthia fusiformis (Williamson): 626 
Evidence from Frierfjord, Norway. J Micropaleontol 13:24 627 
Alve E (1995) Benthic foraminiferal responses to estuarine pollution: a review. J Foramin Res 628 
25:190-203 629 
Alve E (2003) A common opportunistic foraminiferal species as an indicator of rapidly 630 
changing conditions in a range of environments. Est Coast Shelf Sci 57:501-514 631 
Alve E, Korsun S, Schönfeld J, Dijkstra N, Golikova E, Hess C, Husum K, Panieri G (2016) 632 
Foram-AMBI: A sensitivity index based on benthic foraminiferal faunas from North-633 
East Atlantic and Arctic fjords, continental shelves and slopes. Mar Micropaleontol 634 
122:1-12 635 
Alve E, Lepland A, Magnusson J, Backer-Owe K (2009) Monitoring strategies for re-636 
establishment of ecological reference conditions: Possibilities and limitations. Mar 637 
Pollut Bull 59:297-310 638 
Alve E, Nagy J (1986) Estuarine foraminiferal distribution in Sandebukta, a branch of the 639 
Oslo Fjord. J Foramin Res 16:261-284 640 
Aschan MM, Skullerud AM (1990) Effects of changes in sewage pollution on soft-bottom 641 
macrofauna communities in the inner Oslofjord, Norway. Sarsia 75:169-190 642 
 29 
Barmawidjaja DM, Jorissen FJ, Puskaric S, Van der Zwaan B (1992) Microhabitat selection by 643 
benthic foraminifera in the northern Adriatic Sea. J Foramin Res 22:297-317 644 
Barras C, Jorissen FJ, Labrune C, Andral B, Boissery P (2014) Live benthic foraminiferal faunas 645 
from the French Mediterranean Coast: Towards a new biotic index of environmental 646 
quality. Ecol Ind 36: 719–743 647 
Borja A, Franco J, Perez V (2000) A marine biotic index to establish the ecological quality of 648 
soft-bottom benthos within European estuarine and coastal environments. Mar 649 
Pollut Bull 40:1100-1114 650 
Borja A, Muxika I, Franco J (2003) The application of a Marine Biotic Index to different 651 
impact sources affecting soft-bottom benthic communities along European coasts. 652 
Mar Pollut Bull 46:835-845 653 
Bouchet VMP (2007) Dynamique et réponse fonctionnelle des foraminifères et de la 654 
macrofaune benthiques en zone ostréicole dans les pertuis charentais. PhD 655 
dissertation, Université d’Angers, Angers 656 
Bouchet VMP, Alve E, Rygg B, Telford RJ (2012) Benthic foraminifera provide a promising 657 
tool for ecological quality assessment of marine waters. Ecol Ind 23:66-75 658 
Bouchet VMP, Alve E, Rygg B, Telford RJ (2013) Erratum: Benthic foraminifera provide a 659 
promising tool for ecological quality assessment of marine waters (Ecological 660 
Indicators (2012) 23 (66-75)). Ecol Ind 26:183 661 
Bouchet VMP, Debenay J-P, Sauriau P-G, Radford-Knoery J, Soletchnik P (2007) Effects of 662 
short-term environmental disturbances on living benthic foraminifera during the 663 
Pacific oyster summer mortality in the Marennes-Oléron Bay (France). Mar Environ 664 
Res 64:358-383 665 
 30 
Bouchet VMP, Goberville E, Frontalini F (2018) Benthic foraminifera to assess ecological 666 
quality statuses in Italian transitional waters. Ecol Ind 84:130-139 667 
Bouchet VMP, Sauriau P-G (2008) Influence of oyster culture practices and environmental 668 
conditions on the ecological quality of intertidal mudflats in the Pertuis Charentais 669 
(SW France): a multi-index approach. Mar Pollut Bull 56:1892-1912 670 
Bouchet VMP, Sauriau PG, Debenay J-P, Mermillod-Blondin F, Schmidt S, Amiard J-C, Dupas 671 
B (2009) Influence of the mode of macrofauna-mediated bioturbation on the vertical 672 
distribution of living benthic foramnifera: First insight from axial tomodensitometry. 673 
J Exp Mar Biol Ecol 371:20-33 674 
Buhl-Mortensen L, Oug E, Aure J (2009) The response of hyperbenthos and infauna to 675 
hypoxia in fjords along the Skagerrak: estimating loss of biodiversity due to 676 
eutrophication. In: Moksness, Dahle, Stöttrup (eds) Integrated coastal zone 677 
management 678 
Collen JD, Newell P (1999) Fissurina as an ectoparasite. J Micropal 18:110 679 
Dauvin JC (2000) The Muddy Fine Sand Abra alba ± Melinna palmata Community of the 680 
Bayof Morlaix Twenty Years After the Amoco Cadiz Oil Spill. Mar Pollut Bull 40:528-681 
536 682 
Dauvin JC, Bellan G, Bellan-Santini  (2010) Benthic indicators: from subjectivity to objectivity 683 
– Where is the line? Mar Poll Bull 60-947-953 684 
Denoyelle M, Jorissen FJ, Martin D, Galgani F, Miné J (2010) Comparison of benthic 685 
foraminifera and macrofaunal indicators of the impact of oil-based drill mud 686 
disposal. Mar Pollut Bull 687 
 31 
Diaz R, Rosenberg R (1995) Marine benthic hypoxia: A review of its ecological effects and 688 
the behavioural responses of benthic macrofauna.  Oceanogr Mar Biol Annu Rev 689 
33:245-303 690 
Diaz R, Rosenberg R (2008) Spreading dead zones and consequences for marine ecosystems. 691 
Science 321:926-929 692 
Dolven JK, Alve E, Rygg B (2013) Defining past ecological status and in situ reference 693 
conditions using benthic foraminifera: A case study from the Oslofjord, Norway. Ecol 694 
Ind 29:219-233 695 
Dimiza MD, Triantaphyllou MV, Koukousioura O, Hallock P, Simboura N, Karageorgis AP, 696 
Papathanasiou E (2016) The Foram Stress Index: A new tool for environmental 697 
assessment of soft-bottom environments using benthic foraminifera. A case study 698 
from the Saronikos Gulf, Greece, Eastern Mediterranean. Ecol Ind 60:611-621 699 
Elliott M, Quintino V (2007) The Estuarine Quality Paradox, environmental homeostasis and 700 
the difficulty of detecting anthropogenic stress in naturally stressed areas. Mar Pollut 701 
Bull 54:640-645 702 
Elmgren R (1973) Methods of sampling sublittoral soft bottom meiofauna. Oikos Suppl 703 
15:112-120 704 
Filipsson HL, Nordberg K (2004) A 200-year environmental record of a low-oxygen fjord, 705 
Sweden, elucidated by benthic foraminifera, sediment characteristics and 706 
hydrographic data. J Foramin Res 34:277-293 707 
Francescangeli F, Armynot du Chatelet E, Billon G, Trentesaux A, Bouchet VMP (2016) 708 
Palaeo-ecological quality status based on foraminifera of Boulogne- sur-Mer harbour 709 
(Pas-de-Calais, Northeastern France) over the last 200 years. Mar Environ Res 710 
117:32-43 711 
 32 
Frontalini F, Buosi C, Da Pelo S, Coccioni R, Cherchi A, Bucci C (2009) Benthic foraminifera as 712 
bio-indicators of trace element pollution in the heavily contaminated Santa Gilla 713 
lagoon (Cagliari, Italy). Mar Pollut Bull 58:858-877 714 
Frontier S (1976) Utilisation des diagrammes rang-fréquence dans l'analyse des 715 
écosystèmes. J Res Oceanogr 1:35-48 716 
Gioria M, Bacaro G, Feehan J (2011) Evaluating and interpreting cross-taxon congruence: 717 
Potential pitfalls and solutions. Acta Oecol 37 718 
Glémarec M, Hily C (1981) Perturbations apportées à la macrofaune benthique de la baie de 719 
Concarneau par les effluents urbains et portuaires. Acta Oecologica, Oecol Applic 720 
2:139-150 721 
Grall J, Glémarec M (1997) Using biotic indices to estimate macrobenthic community 722 
perturbations in the Bay of Brest. Est Coast Shelf Sci 44:43-53 723 
Gray JS, Clarke KR, Warwick RM, Hobbs G (1990) Detection of initials effects of pollution on 724 
marine benthos: an example from the Ekofisk and Eldkisk oilfields, North Sea. Mar 725 
Ecol Prog Ser 66:285-299 726 
Gray JS, Pearson TH (1982) Objective selection of sensitive species indicative of pollution-727 
induced change in benthic communities. Mar Ecol Prog Ser 9:111-119 728 
Gustafsson M, Nordberg K (2000) Living (stained) benthic foraminifera and their response to 729 
the seasonal hydrographic cycle, periodic hypoxia and to primary production in 730 
Havstens Fjord on the Swedish west coast. Est Coast Shelf Sci 51:743-761 731 
Gustafsson M, Nordberg K (2001) Living (stained) benthic foraminiferal response to primary 732 
production and hydrography in the deepest part of the Gullmar Fjord, Swedish west 733 
coast, with comparisons to Höglund's 1927 material. J Foramin Res 31:2-11 734 
 33 
Hayward BW, Grenfell HR, Nicholson K, Parker R, Wilmhurst J, Horrocks M, Swales A, Sabaa 735 
AT (2004) Foraminiferal record of human impact on intertidal estuarine 736 
environments in New Zealand's largest city. Mar. Micropaleontol. 53:37-66. 737 
Hallock P, Lidz BH, Cockey-Burkhard EM, Donnelly KB (2003) Foraminifera as bioindicators in 738 
coral reef assessment and monitoring: the foram index. Environ Monit Assess 739 
81:221-238 740 
Hess S, Alve E, Reuss NS (2014) Benthic foraminiferal recovery in the Oslofjord (Norway): 741 
Responses to capping and re-oxygenation. Est Coast Shelf Sci 147:87-102 742 
Hess S, Alve E, Trannum HC, Norling K (2013) Benthic foraminiferal responses to water-743 
based drill cuttings and natural sediment burial: Results from a mesocosm 744 
experiment. Mar Micropaleontol 101:1-9. 745 
Hily C (1983) Dynamique de la recolonisation par la macrofaune d'un substrat dragué à 746 
proximité du port de Brest. Oceanol Acta 15:113-120 747 
Jeffrey S, Mantoura R, Wright S (1997) Phytoplankton pigments in oceanography: Guidelines 748 
to modern methods. UNESCO 749 
Jorissen F, Nardelli MP, Almogi-Labin A, Barras C, Bergamin L, Bicchi E, El Kateb A, Ferraro L, 750 
McGann M,  Morigi C, Romano E, Sabbatini A, Schweizer M, Spezzaferri S (2018) 751 
Developing Foram-AMBI for biomonitoring in the Mediterranean: species 752 
assignments to ecological categories. Mar Micropaleontol 140:33-45 753 
Josefson AB (1990) Increase of benthic biomass in the Skagerrak- Kattegat during the 1970s 754 
and 1980s - effects of organic enrichment? Mar Ecol Prog Ser 66 755 
Josefson AB, Widbom B (1988) Differential response of benthic macrofauna and meiofauna 756 
to hypoxia in the Gullmar Fjord basin. Mar Biol 100:31-40 757 
 34 
Klitgaard-Kristensen D, Buhl-Mortensen L (1999) Benthic foraminifera along an offshore-758 
fjord gradient: a comparison with amphipods and mollucs. J Nat Hist 33:317-350 759 
Lavesque N, Blanchet H, de Montaudouin X (2009) Development of a multimetric approach 760 
to assess perturbation of benthic macrofauna in Zostera noltii beds. J Exp Mar Biol 761 
Ecol 368:101-112 762 
Levin LA, Ekau W, Gooday AJ, Jorissen F, Middelburg JJ, Naqvi SWA, Neira C, Rabalais NN, 763 
Zhang J (2009) Effects of natural and human-induced hypoxia on coastal benthos. 764 
Biogeosciences 6:2063-2098 765 
Linke P, Lutze GF (1993) Microhabitat preferences of benthic foraminifera a static concept 766 
or a dynamic adaptation to optimize food acquisition ? Mar Micropaleontol 20:215-767 
234 768 
Lipps JH (1983) Biotic interactions in benthic foraminifera. In: Tevesz MJS, McCall PL (eds) 769 
Biotic intercations in recent and fossil benthic communities. Plenum Publishing Co., 770 
New-York, USA 771 
Mirza FB, Gray JS (1981) The fauna of benthic sediments from the organically enriched 772 
Oslofjord, Norway. J Exp Mar Biol Ecol 54:181-207 773 
Mojtahid M, Jorissen F, Durrieu J, Galgani F, Howa H, Redois F, Camps R (2006) Benthic 774 
foraminifera as bio-indicators of drill cutting disposal in tropical east Atlantic outer 775 
shelf environments. Mar Micropaleontol 61:58-75 776 
Mojtahid M, Jorissen F, Pearson TH (2008) Comparison of benthic foraminiferal and 777 
macrofaunal responses to organic pollution in the Firth of Clyde (Scotland). Mar 778 
Pollut Bull 56:42-76 779 
 35 
Molvær J, Knutzen J, Magnusson J, Rygg B, Skei J, Sørensen J (1997) Klassifisering av 780 
miljøkvalitet i fjorder og kystfarvann. Statens forurensningstilsyn, Veiledning 97:03, 781 
36pp 782 
Moore DC, Rodger GK (1991) Recovery of a sewage sludge dumping ground. II. 783 
Macrobenthic community. Mar Ecol Prog Ser 75:301-308 784 
Murray JW (2006) Ecology and Applications of Benthic Foraminifera. Cambridge University 785 
Press, Cambridge 786 
Murray JW, Bowser SS (2000) Mortality, protoplasm decay rate, and reliability of staining 787 
techniques to recognize 'living' foraminifera: a review. J Foramin Res 30:66-70 788 
Nielsen K, Somod B, Ellegaard C, Krause-Jensen D (2003) Assessing Reference Conditions 789 
According to the European Water Framework Directive Using Modelling and Analysis 790 
of Historical Data: an Example from Randers Fjord, Denmark. Ambio 32:287-294 791 
Niemistö L (1974) A gravity corer for studies of soft sediments. Havforskningsinst. Skr. 792 
Helsinki 238:33-38 793 
Nilsson HC, Rosenberg R (1994) Hypoxic response of two marine benthic communities. Mar 794 
Ecol Prog Ser 115 795 
Nilsson HC, Rosenberg R (2000) Succession in marine benthic habitats and fauna in response 796 
to oxygen deficiency: analysed by sediment profile-imaging and by grab samples. 797 
Mar Ecol Prog Ser 197 798 
Nordberg K, Gustafsson M, Krantz A-L (2000) Decreasing oxygen concentrations in the 799 
Gullmar Fjord, Sweden, as confirmed by benthic foraminifera, and the possible 800 
association with NAO. J Mar Syst 23:303-316 801 
Oksanen J, Blanchet FG, Kindt R, Legendre P, O’Hara B, Simpson GL, Solymos P, Stevens 802 
MHH, Wagner H (2010) vegan: Community Ecology Package.  803 
 36 
Olsgard F, Gray JS (1995) A comprehensive analysis of the effects of offshore oil and gas 804 
exploration and production on the benthic communities of the Norwegian 805 
continental shelf. Mar Ecol Prog Ser 122:277-306 806 
Olsgard F, Hasle JR (1993) Impact of waste from titanium mining on benthic fauna. J Exp Mar 807 
Biol Ecol 172:185-213 808 
Oug E, Fleddum A, Rygg B, Olsgard F (2012) Biological traits analyses in the study of 809 
pollution gradients and ecological functioning of marine soft bottom species 810 
assemblages in a fjord ecosystem. J Exp Mar Biol Ecol 432-433:94-105 811 
Pabis P, Sobczyk R (2015) Small-scale spatial variation of soft-bottom polychaete biomass in 812 
an Antarctic glacial fjord (Ezcurra Inlet, South Shetlands): comparison of sites at 813 
different levels of disturbance. Helgol Mar Res 69:113-121 814 
Pearson T (1975) The benthic ecology of Loch Linnhe and Loch Eil, a sea-loch system on the 815 
West coast of Scotland. IV Changes in the benthic fauna attributable to organic 816 
enrichment J Exp Mar Biol Ecol 20 817 
Pearson T, Rosenberg R (1978) Macrobenthic succession in relation to organic enrichment 818 
and pollution of the marine environment. Oceanogr Mar Biol, Annu Rev 16:229-311 819 
Peres-Neto PR, Jackson DA (2001) How well do multivariate data sets match? The 820 
advantages of a Procrustean superimposition approach over the Mantel test. 821 
Oecologia 129:169-178 822 
Pinto R, Patricio J, Baeta A, Fath BD, Neto JM, Marques JC (2009) Review and evaluation of 823 
estuarine biotic indices to assess benthic condition. Ecol Ind 9:1-25 824 
Poirier C, Sauriau P-G, Chaumillon E, Allard J (2009) Can molluscan assemblages give insights 825 
into Holocene environmental changes other than sea level rise? A case study from a 826 
 37 
macrotidal bay (Marennes-Oléron, France). Palaeogeogr Palaeoclimatol Palaeoecol 827 
280:105-118 828 
Polovodova Asteman I, Hanslik D, Nordberg K (2015) An almost completed pollution-829 
recovery cycle reflected by sediment geochemistry and benthic foraminiferal 830 
assemblages in a Swedish–Norwegian Skagerrak fjord. Mar Pollut Bull 95:126-140 831 
Polovodova Asteman I, Nordberg K (2013) Foraminiferal fauna from a deep basin in Gullmar 832 
Fjord: The influence of seasonal hypoxia and North Atlantic Oscillation. J Sea Res 833 
79:40-49 834 
Reuss N, Leavitt PR, Hall RI, Bigler C, Hammarlund D (2010) Development and application of 835 
sedimentary pigments for assessing effects of climatic and environmental changes 836 
on subarctic lakes in northern Sweden. J Paleolimnol 43:149-169 837 
Riera P, Stal LJ, Nieuwenhuize J, Richard P, Blanchard G, Gentil F (1999) Determination of 838 
food sources for benthic invertebrates in a salt marsh (Aiguillon Bay, France) by 839 
carbon and nitrogen stable isotopes: importance of locally produced sources. Mar 840 
Ecol Prog Ser 187:301-307 841 
Risgaard-Petersen N, Langezaal AM, Ingvardsen S, Schmid MC, Jetten MSM, Op den Camp 842 
HJM, Derksen JWM, Pina-Ochoa E, Eriksson SP, Nielsen LP, Revsbech NP, Cedhagen 843 
T, van der Zwaan, GJ (2006) Evidence for complete denitrification in a benthic 844 
foraminifera. Nature 443:93-96 845 
Rosenberg R, Agrenius S, Hellman B, Nilsson HC, Norling K (2002) Recovery of marine 846 
benthic habitats and fauna in a Swedish fjord following improved oxygen conditions. 847 
Mar Ecol Prog Ser 234:43-53 848 
Rosenberg R, Blomqvist M, Nilsson HC, Cederwall H, Dimming A (2004) Marine quality 849 
assessment by use of benthic species-abundance distributions: a proposed new 850 
 38 
protocol within the European Union Water Framework Directive. Mar Poll Bull 851 
49:728-739 852 
Rosenberg R, Nilsson HC, Diaz RJ (2001) Response of benthic fauna and changing sediment 853 
redox profiles over a hypoxic gradient. Est Coast Shelf Sci 53:343-350 854 
Rygg B (1985a) Distribution of Species along Pollution- induced Diversity Gradients in 855 
Benthic Communities in Norwegian Fjords. Mar Pollut Bull 16:469-474 856 
Rygg B (1985b) Effect of sediment copper on benthic fauna. Mar Ecol Prog Ser 25:83-89 857 
Rygg B, Norling K (2013) Norwegian Sensitivity Index (NSI) for marine macroinvertebrates, 858 
and an update of Indicator Species Index (ISI). NIVA, Report No. 6475-2013, 46pp  859 
Sabbatini A, Bonatto S, Bianchelli S, Pusceddu A, Danovaro R, Negri A (2012) Foraminiferal 860 
assemblages and trophic state in coastal sediments of the Adriatic Sea. J. Mar. Syst. 861 
105:163-174. 862 
Schafer CT, Collins ES, Smith JS (1991) Relationship of Foraminifera and thecamoebian 863 
distributions to sediments contaminated by pulp mill effluent: Saguenay Fiord, 864 
Quebec, Canada. Mar Micropaleontol 17:255-283 865 
Schafer CT, Wagner FJE, Ferguson C (1975) Occurence of foraminifera, mollucs and 866 
ostracods adjacent to the industrialized shoreline of Canso Strait, Nova Scotia. Water 867 
Air Soil Pollut 5:79-96 868 
Schafer CT, Winters GV, Scott DB, Pocklington P, Cole FE, Honig C (1995) Survey of living 869 
foraminifera and polychaete populations at some Canadian aquaculture sites: 870 
potential for impact mapping and monitoring. J Foramin Res 25:236-259 871 
Scott DB, Medioli FS, Schafer CT (2001) Monitoring in coastal environments using 872 
Foraminifera and Thecamoebians indicators. Cambridge University Press, 177 pp 873 
 39 
Scott DB, Tobin R, Williamson M, Medioli FS, Latimer JS, Boothman WA, Sioli A, Haury V 874 
(2005) Pollution monitoring in two North American estuaries: historical 875 
reconstructions using benthic foraminifera. J. Foraminifer. Res. 35:65-82. 876 
Seuront L (2013) Complex dynamics in the distribution of players’ scoring performance in 877 
Rugby Union world cups. Physica A 392:3731-3740 878 
Simboura N, Zenetos A (2002) Benthic indicators to use in ecological quality classification of 879 
Mediterranean soft bottom marine ecosystems, including a new biotic index. Med 880 
Mari Sci 3:77-111 881 
Spilmont N (2013) The futur of benthic indicators: moving up to the intertidal. O. J. Mar. Sci. 882 
3:76-86 883 
Ter Braak CJF, Schaffers AT (2004) Co-correspondence analysis: a new ordination method to 884 
relate two communities compositions. Ecology 85:834-846 885 
Warwick RM (1986) A new method for detecting pollution effects on marine macrobenthic 886 
communities. Mar Biol 92:557-562 887 
Wlodarska-Kowalczuk M, Pawlowska J, Zajaczkowski M (2013) Do foraminifera mirror 888 
diversity and distribution patterns of macrobenthic fauna in an Arctic glacial fjord? 889 
Mar Micropaleontol 103:30-39 890 
Wright S, Jeffrey S, Mantoura R, Llewellyn C, Bjørnland T, Repeta D, Welschmeyer N (1991) 891 
Improved hplc method for the analysis of chlorophylls and carotenoids from marine 892 
phytoplankton. Mar Ecol Prog Ser:183-196 893 
Zettler ML, Proffitt CE, Darr A, Degraer S, Devriese L, Greathead C, Kotta J, Magni P, Martin 894 
G, Reiss H, Speybroeck J, Tagliapietra D, Van Hoey G, Ysebaert T (2013) On the myths 895 
of indicator species: issues and further consideration in the use of static concepts for 896 
ecological applications. Plos One 8:e78219 897 
 40 
Figure Captions 898 
 899 
Figure 1: Map of the sampling stations 900 
 901 
Figure 2: Principal components analysis (PCA) of environmental variables: biplot of stations 902 
and variables for axes 1 and 2 (75 % of variation). Stations with one or more missing values 903 
have been omitted from analysis.  904 
 905 
Figure 3: Redundancy analysis (RDA) of foraminiferal species assemblages: triplot of species 906 
(crosses), stations (dots) and significant environmental variables (vectors). Most dominant 907 
species are indicated by abbreviated names. Stations with missing data for environmental 908 
variables or strongly impoverished fauna have been omitted from analysis.  909 
 910 
Figure 4:  Canonical correspondence analysis (CCA) of macrofaunal species assemblages: 911 
triplot of species (crosses), stations (dots) and significant environmental variables (vectors). 912 
Most dominant species are indicated by abbreviated names. Stations with missing data for 913 
environmental variables or strongly impoverished fauna have been omitted from analysis.  914 
 915 
Figure 5: Abundances (ind.m-2) of the main foraminiferal species at stations along (A) the 916 
TOC-gradient (%) and (B) the bottom-water dissolved oxygen concentration-gradient (mL 917 
O2.L
-1). Definition of low (<2.7%), medium (2.7-3.4%) and high (>3.4%) level of TOC follows 918 
Molvaer et al. (1997). Definition of normoxia (bottom-water [O2] > 2 mL O2.L
-1), hypoxia (0.5 919 
- 2 mL O2.L
-1), severe hypoxia (< 0.5 mL O2.L
-1) follows Diaz & Rosenberg (1995). Please note: 920 
different scales on the x-axes. 921 
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 922 
Figure 6: Abundances (ind.m-2) of the main macrofaunal species at stations along (A) the 923 
TOC-gradient (%) and (B) the bottom-water dissolved oxygen concentration-gradient (mL 924 
O2.L
-1). Definition of low (<2.7%), medium (2.7-3.4%) and high (>3.4%) level of TOC follows 925 
Molvaer et al. (1997). Definition of normoxia (bottom-water [O2] > 2 mL O2.L
-1), hypoxia (0.5 926 
- 2 mL O2.L
-1) and severe hypoxia (< 0.5 mL O2.L
-1) follows Diaz & Rosenberg (1995). Please 927 
note: different scales on the x-axes. 928 
 929 
Figure 7: Biplot based on predictive co-correspondence analysis (CoCA) of foraminifera (left) 930 
against macrofauna (right) showing 49% and 24% of the total variance in the foraminiferal 931 
and macrofaunal data, respectively. 932 
 933 
Table captions 934 
 935 
Table 1: Characteristics of sampling stations (nd: no data): water depth, depth below 936 
threshold (Norwegian Hydrographic Service), bottom-water dissolved O2-concentration at 937 
the time of sampling ([O2]tos, mL O2.L
-1), sediment grain size (%<63µm), total organic carbon 938 
(TOC, %), Total nitrogen (TN, %) and C/N ratio of sampling stations. For location of areas, see 939 
Fig. 1. 940 
 941 
Table 2: Suggested new assignments into EGs for foraminifera and macrofauna species 942 
according to Alve et al (2016) and Borja et al. (2000), respectively (na: not assigned). 943 
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Table1 973 
 Station Water depth (m) at stations 
Depth below  
threshold (m) 
[O2]tos Grain size TOC TN C/N 
Ærøydypet 200 111 59 4.76 93 3.5 0.4 9.7 
Kragerøfjord 
71 138 118 4.25 98 4.3 0.5 7.9 
KRG 102 79 4.67 94 3.6 0.5 7.2 
Sandnesfjord 50 65 42 3.21 92 5.7 0.4 12.6 
Eidangerfjord 106 103 43 4.31 96 3.7 0.2 15.5 
Risørbassenget 
R60 60 35 3.73 83 6.6 0.9 7.4 
R80 80 56 1.36 89 5.8 0.6 10.1 
R100 104 75 1.09 87 4.7 0.6 8.1 
R120 124 99 0.47 90 6.0 0.6 10.5 
R140 142 118 0.33 83 6.7 0.6 10.7 
R160 157 134 0.29 91 7.0 0.7 10.4 
R180 182 157 0.20 91 6.7 0.7 10.1 
Håøyfjord 102 204 169 0.49 98 2.8 0.3 9.7 
Topdalsfjord 6 74 42 2.52 94 6.7 0.5 12.5 
Groosefjord 
G40 40 17 3.85 nd 8.1 0.6 12,9 
G50 54 31 3.25 84 9.0 0.7 12.5 
G60 60 37 2.58 nd 8.8 0.7 11.7 
G69 69 47 2.95 93 8.1 0.7 10.7 
Frierfjord 
F30 28 8 4.48 98 2.6 0.1 32.2 
F50 52 32 3.30 92 3.2 0.2 13.3 
F70 70 50 1.25 98 3.0 0.1 21.1 
F90 91 70 0.67 98 4.2 0.2 17.8 
Indre Hvaler 
IH30 30 6 4.44 98 2.1 0.1 14.2 
IH45 45 20 3.98 98 2.3 0.2 14.3 
IH60 62 37 2.42 98 2.2 0.2 13.2 
Kristiansandsfjord 
KDR 23 
nd 
nd 58 0.8 0.1 14.6 
KDC 31 nd 52 2.7 0.2 14.6 
  974 
 50 
Table2 975 
 
FORAMINIFERA 
This study 
EG 
Foram-AMBI 
EG 
Micrometula hyalostriata 1 na 
Phainogullmia aurata 1 na 
Cylindrogullmia alba 2 na 
Leptohalysis scottii 4 na 
Cassidulina laevigata 2 1 
Liebusella goësi 3 2 
Bolivinellina pseudopunctata 4 2 
 MACROFAUNA 
This study 
EG 
AMBI-list 
EG 
Scalibregma inflatum 1 3 
Thyasira cf. sarsii 4 or 5 3 
   
 976 
